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Abstract 
Almandine garnet is commonly used in abrasive blasting processes to prepare metallic surfaces for 
painting. However, there is evidence that the process leads to significant amounts of abrasive 
embedded in the ‘cleaned’ surface, and hence the surface chemistry of garnet will affect the 
binding of any coatings subsequently applied. In addition, in marine environments seawater aerosol 
droplets are expected to impact the exposed surface prior to coating application, depositing both 
water and dissolved inorganic ions. In this work, we provide in-depth analysis of the chemistry of 
the almandine garnet surface using angle-resolved X-ray photoelectron spectroscopy (XPS) and 
note a correlation for several elemental oxides between literature values of the binding energy of 
the surface oxygen 1s XPS peak and the basicity of the hydroxyl group that forms on the surface. 
We also consider the adsorption to almandine garnet powder of seawater-relevant inorganic ions 
(sodium, magnesium, and calcium): Binding constants have been determined using titration 
measurements, solution-depletion isotherms, and numerical modelling, with calcium observed to 
bind more strongly than magnesium. The relevance of Langmuir-type fits to constant-pH adsorption 
isotherms is discussed. By contrast, sodium either binds very weakly or is effectively inert towards 
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the garnet surface under the experimental conditions. The complex adsorption behaviour observed 





Garnets are a group of silicate minerals, that have the general formula X3Y2(SiO4)3. The X sites are 
usually occupied by divalent cations (e.g. Ca, Mg, Fe, Mn, etc.) whilst the Y sites are often occupied 
by trivalent cations (e.g. Al, Fe, Cr, etc.) coordinated by six oxygen atoms to form octahedra. An 
octahedral-tetrahedral crystal framework is thus formed, with SiO42- units forming the tetrahedra.1 
Almandine garnet, where X is Fe and Y is Al, (i.e. Fe3Al2(SiO4)3) is illustrated in Figure S1 in the 
Supporting Information. As they are hard, readily available, and inexpensive compared to 
alternatives such as silicon carbide and diamond, natural garnet minerals are widely used in 
manufacturing and engineering processes as abrasives for surface grinding, abrasive blasting, and 
water-jet cutting.2,3  In 2004, world garnet production was over 280,000 tonnes (mainly mined in 
Australia and India). For abrasive applications, almandine garnet is deemed superior to other 
garnets due to its greater hardness.4  
Despite the many industrial and research applications of garnet minerals, there have been few 
papers addressing their surface chemistry and the adsorption of species onto their surfaces. There 
has been recent work addressing adsorption from non-aqueous solvents and the comparison with 
metal substrates,5 and it is known that almandine garnet has no preferred cleavage plane.6,7 There 
has been some work by Jia and Sun on almandine garnet’s flotation characteristics and the 
adsorption of inorganic ions,8,9 in which experimental data is rationalised using the surface groups 
that may be predicted based on the bulk crystal structure and surface charge effects. It was 
speculated that the surface groups are {AlO6} octahedra, as observed in the bulk crystal, with the 
adsorbate ion being doubly coordinated to two oxygens linked to the aluminium cation. However, 




It is well known that garnet-blasted surfaces often have significant amounts of abrasive residue 
embedded.5 This emphasizes that the surface chemistry of the mineral could affect the 
performance of abrasive-blasted materials, such as carbon steel, and any coatings subsequently 
applied. In marine environments, abrasive-blasted surfaces may be exposed for extended periods 
prior to the application of protective coatings; in this time, aerosol droplets that impact the surface 
can initiate corrosion and deposit inorganic ions.10 Therefore, any change to garnet surfaces when 
exposed to these ions may affect the adhesion of coatings subsequently applied. 
The lack of a preferred cleavage plane for garnet makes it likely that the surfaces formed when the 
bulk mineral fractures (for example, when garnet is mined for use as an abrasive) are rather 
heterogeneous, with multiple different surface planes and terminations exposed. This 
heterogeneity is expected to increase on exposure to an aqueous environment, due to the 
formation of surface hydroxyl groups,11 reaction with dissolved ions,9,12 and the possibility of 
dissolution and reprecipitation processes occurring.13 These complex surfaces are the focus of this 
work. One possible termination of the almandine {110} surface (on exposure to an aqueous 
environment) is illustrated schematically in Figure 1, highlighting the complexity of the situation, 
even when only a single termination of one surface plane is considered.  
In this work, we extend the characterisation of almandine garnet using X-ray photoelectron 
spectroscopy (XPS), which indicates the elements present at the surface and their chemical 
environments, allowing the thickness and constituents of the surface layer to be inferred. We also 
present data from a range of experimental techniques, complemented by numerical modelling, on 
the behaviour of almandine garnet when exposed to aqueous solution: these provide values for the 
number density of surface sites present, their intrinsic acidities and basicities, and the strength of 
binding of seawater-relevant inorganic ions. The numbers obtained will be compared, in the 
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context of the limitations of the different methods; the range of values highlights the importance of 
employing a multi-technique approach, such as this, to obtain a comprehensive understanding of 
the surface chemistry of a mineral. 
 
Figure 1: A schematic illustration of one bulk termination of the almandine garnet {110} surface, 
on exposure to an aqueous environment. Fe, Al, Si, O, and H atoms are shown in brown, grey, 
cream, red, and white respectively. In this work, we aim to quantify the thickness and 
constituents of the surface layer, the number density of surface hydroxyl groups, their acidities 
and basicities (𝑲𝒂 values), and the strength of binding of aqueous Mg
2+ and Ca2+ ions (shown in 
green). 
Methods 
Chemicals and Reagents 
All reagents used were supplied by Sigma-Aldrich Company Ltd., Gillingham, UK, unless otherwise 
stated. 69 %/wt nitric acid was supplied by VWR, Lutterworth, UK. All aqueous solutions and 




A piece of almandine garnet was cut arbitrarily, then the flat surface was polished using increasingly 
fine diamond paste (from Kemet, Kent, UK: 25 µm, 14 µm, 6 µm, 1 µm, and 100 nm). The polished 
substrate was washed in 2 %/wt Decon90® solution (Decon Laboratories Limited), sonicated for 1 
minute, and then soaked in 2 %/wt Decon90 overnight. The sample was then rinsed ten times with 
50 mL of ultrapure water, sonicated in ultrapure water for 1 minute, soaked in ultrapure water 
overnight, and rinsed with ultrapure water ten times to remove any excess detergent. Finally, the 
surface was dried with a jet of dry nitrogen. The washing procedure was intended to remove all 
diamond paste residues (and Decon90®surfactant), thereby ensuring that the polished surface 
resembles a fractured garnet surface that has been exposed to an aqueous environment. This 
preparation method was used to ensure that the flat surface and the powdered samples described 
subsequently are as comparable as possible, with both being relevant to the surfaces of garnet 
abrasives used in marine environments. 
Angle-resolved XPS (AR-XPS), in which the detector is tilted at an angle, θ, with respect to the 
surface normal, was employed to increase the surface sensitivity of the measurements: the larger 
the tilt angle, the greater the contribution to the measured signal from the surface region, due to 
the short inelastic mean free path of electrons excited in the solid by the X-ray beam. 
Preliminary XPS data were taken with an ESCALAB 250Xi spectrometer (Thermo Fisher Scientific, 
Hillsboro, USA) with a monochromated Al K-alpha source (1486.68 eV) at the Cavendish Laboratory, 
University of Cambridge. XP spectra were also obtained with a monochromatic 1486.68 eV source, 
using a Thermo Theta Probe Mk III spectrometer system at University College London (part of the 
Harwell XPS service). In both of the instruments, the angle was varied at 5° increments: the 
ESCALAB 250Xi was used to study tilt angles between 0 and 50°; in the Thermo Theta system, the 
range was 22.5 to 77.5°. Energy steps of 0.1 eV were used, and the diameter of the X-ray beam was 
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400 μm. Two spots were examined for each of the two samples prepared; the data for the two 
spots showed only minor differences. 
Charge compensation was provided by a dual-mode (argon ion and electron) flood gun. The 
analyser was operated in constant analyser energy (CAE) mode, with a pass energy of 50 eV. The 
total acquisition time for each core line was approximately 50 minutes. Survey spectra were 
collected as above, except that the pass energy was 200 eV and parallel angle resolved data were 
not collected. The total time to collect a survey spectrum was approximately 5 minutes. 
Detailed spectral analysis was conducted using CasaXPS software, with the alkyl carbon peak (C-C) 
at 284.8 eV binding energy as a reference, to deconvolute the components contributing to peaks. 
All fittings use 70% Gaussian and 30% Lorentzian peaks (GL(30) setting); the backgrounds used were 
generated with the Shirley method.14,15 The variation of peak areas with increasing surveying angle 
allowed for the discrimination of surface and bulk components. The thickness of the surface layer 
was then estimated using data for each of the elements (assuming a constant inelastic mean free 
path of the excited electrons and a surface that maintains an ideal, bulk-terminated structure); the 
method will be described in more detail subsequently. 
Almandine Garnet Powder 
Almandine garnet powder was supplied by GMA Garnet, Geraldton, Australia. As a natural mineral, 
this contains other trace minerals. A summary of the quoted composition is shown in Table S1 in 
the Supporting Information. To maximise the surface-to-mass ratio of the garnet, the solids were 
milled in 60 g batches using a PM100 planetary ball mill, Retsch GmbH, Hann, Germany, in a 125 mL 
tungsten carbide jar, with seven 20 mm tungsten carbide milling balls. Each batch was milled at 500 
rpm for 20 minutes in total. The milling direction was changed at ten-minute intervals. 
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To minimise other impurity species in the natural garnet mineral contributing extra inorganic ions in 
aqueous adsorption experiments, a washing procedure, which has been described in detail 
previously,5 was employed. In summary, the milled garnet was washed with 30 mL 10 %/wt nitric 
acid, then six times with 30 mL ultrapure water, before being dried in vacuum (at 100 oC for six 
hours). As will be discussed subsequently, although the washed garnet is observed to dissolve at 
very low pH, no significant amount of calcium ions is released into the aqueous solution, confirming 
that the washing process is effective in removing calcium carbonate impurities from the powder.5 
The specific surface area of the acid-washed garnet powder was found through Brunauer–Emmett–
Teller (BET) isotherm to be 5.54 (± 0.03) m2 g-1 (using a TriStar 3000, Micromeritics, at the 
Department of Materials and Metallurgy, University of Cambridge). 
Powder X-ray diffraction (PXRD) analyses were performed at room temperature using a Panalytical 
X'Pert Pro diffractometer with Ni-filtered Cu-Kα radiation (wavelength, 1.5418 Å) equipped with an 
RTMS X'celerator detector, at the Department of Chemistry, University of Cambridge. For each 
measurement, a sample of the powder was ground, then gently pressed on a recessed glass disc to 
give a flat surface and subsequently analysed. The data were collected in the 2 range of 5–90° 
using a step size of 0.0167° and a scan speed of 0.02° s−1; during data collection the sample was 
rotated. For each analysis, the total number of steps was 5086 and the total time was 72 minutes.  
PXRD data were obtained before and after the acid washing procedure, and after tumbling the 
garnet powders for one week in ultrapure water, or 0.1 M hydrochloric acid or sodium hydroxide. 
All patterns matched the characteristic almandine garnet spectrum with no evidence of other 
ordered phases present, as shown in Figure S2 in the Supporting Information, confirming that 
neither the acid washing procedure nor the exposure of the acid-washed garnet powder to strong 
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acid or base (for durations longer than those of the titration, adsorption isotherm, and -potential 
measurements described subsequently) significantly changes the nature of the bulk garnet powder. 
Garnet Dissolution Studies 
2.0 g acid-washed garnet was placed into 50 mL polypropylene centrifuge tubes (Falcon® Brand, 
Corning Inc., USA), with 10 mL 9 mM nitric acid in 100 mM sodium nitrate, for varying times. The 
samples were then centrifuged for 30 minutes under a centrifugal force of 15000 g, using a Heraus 
Multifuge 1 S-R, by Thermo Scientific, Waltham, USA.  The supernatant was carefully withdrawn 
using a pipette; half was acidified to 1 %/wt nitric acid using 69 %/wt nitric acid and analysed using 
Inductive coupled plasma optical emission spectrometry (ICP-OES), with a PerkinElmer Optima 8000 
ICP-OES Spectrometer, at the Department of Geography, University of Cambridge to detect calcium 
and aluminium in solution, from which the masses of almandine garnet (Fe3Al2(SiO4)3) and calcium 
carbonate (CaCO3) that had dissolved were calculated. The other half of the supernatant was used 
for pH measurement with a Unitrode Pt100 pH probe attached to a Metrohm 809 Titrando, 
Metrohm UK Ltd., Runcorn, UK, at the BP Institute, University of Cambridge. 
To further understand the dissolution behaviour of the acid-washed garnet powder, ICP-OES 
measurements of iron, aluminium, and silicon were taken from the supernatants obtained from the 
tumbled samples in ultrapure water, or 0.1 M hydrochloric acid or sodium hydroxide, the solids 
from which were used for PXRD analysis (as described in the previous section). These ICP-OES data 
were obtained with a Thermo Scientific Ltd. iCAP Duo at the Department of Chemistry. Standard 
ranges were prepared by diluting certified 1000 mg L-1 stock calibrants (Si Standard for AAS, Sigma 
Aldrich, and Multi-Element Calibration Standard for IV for ICP, VWR Chemicals) into 2 %/wt nitric 
acid. For silicon standards, plastic containers were used throughout. Where required, samples were 
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diluted in ultrapure water. The measurements were made in axial mode at emission wavelengths of 
238.204, 396.152, and 251.611 nm for iron, aluminium, and silicon respectively. 
Salt-Solution Titrations, Acid-Base Titrations and -Potential Measurements 
The Metrohm 809 Titrando was used for salt-solution titrations and acid-base pH titrations. For the 
former, 10 L aliquots of 100 mM solutions of sodium, magnesium, or calcium nitrate were added 
to suspensions of 5 g acid-washed almandine garnet powder in 50 ml of ultrapure water (a 
concentration of 100 g L-1); for the latter, 10 L aliquots of 100 mM solutions of either sodium 
hydroxide or hydrochloric acid were added to suspensions of acid-washed almandine garnet in 
sodium nitrate solution. In both cases, the pH change of the solution was monitored.  -Potential 
measurements were acquired using a Brookhaven Instruments ZetaPlus Zeta Potential Analyser, at 
the BP Institute. Suspension concentrations of 1 g L-1 were used, and solutions were contained in a 
clear plastic cuvette with 10 mm optical length. The suspension pH of each sample was measured 
using narrow-range pH indicator strips (with increments of 0.2 or 0.3 pH units) from Sigma-Aldrich. 
The errors quoted in the derived values were calculated from the variation of repeated 
measurements. 
Adsorption Isotherm Sample Preparation 
Typically, 2.0 g acid-washed garnet was placed into 50 mL centrifuge tubes. Each sample was made 
up to a concentration of 200 g L-1, with the appropriate amount of adsorbate solution (for variable-
pH adsorption experiments, 0.5 mM magnesium nitrate, calcium nitrate, or sodium sulphate; for 
constant-pH adsorption experiments, varying concentrations of magnesium nitrate or calcium 
nitrate) in 100 mM sodium nitrate. 100 mM sodium hydroxide or nitric acid in 100 mM sodium 
nitrate was added to adjust the pH. The samples were tumbled to equilibrate for 24 hours at 20 oC, 
and then centrifuged for 30 minutes under a centrifugal force of 15000g. Half of the supernatant 
11 
 
was carefully removed with a pipette and analysed using ICP-OES to determine the equilibrated 
adsorbate concentration. The other half of the centrifuged samples was separated from the solids, 
and the equilibrium pH was tested using a pH probe.  
Numerical Modelling 
All numerical calculations of the surface speciation and ion binding were performed using Visual 
MINTEQ, written by Jon Petter Gustafsson, Division of Land and Water Resources Engineering, KTH 
Royal Institute of Technology, Stockholm, Sweden. The standard thermodynamic database of 
MINTEQ, which was used without modification, contains relevant equilibria involving species in 
aqueous solution, and hence allows the behaviour at different pH to be predicted. Modelling of the 
adsorption of ions from aqueous solution to the garnet surface using a simple two-layer model was 
performed by including additional equilibria, representing the behaviour of the surface groups 
present and complexation of ions to these. The numbers of surface groups, the precise nature of 
the equilibria, and the equilibrium constants were chosen to best fit the different experimental 
data, as will be described subsequently. The goodness of fit of different models (for example, 
different adsorption equilibria) to experimental data was quantified by calculating the root-mean-
square error in the different cases. 
Results and Discussion 
X-Ray Photoelectron Spectroscopy 
To characterise the dry garnet surface, Angle-resolved X-ray photoelectron spectroscopy (XPS) data 
were collected from a polished almandine garnet crystal. Figure 2 shows the a) aluminium 2p, b) 
silicon 2p, and c) oxygen 1s regions at different surveying angles. When the detector is 22.5° from 
the surface normal, the highest intensity in the aluminium 2p region is observed at 75.0 eV, but a 
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significant shoulder is evident, centred at 72.9 eV: these are the 2p3/2 peaks associated with 
aluminium atoms in the surface region and in the bulk aluminosilicate network respectively; 
corresponding 2p1/2 peaks must be present, but these cannot be observed by inspection. The fitting 
parameters for the aluminium and silicon 2p regions are summarised in Table 1. At 22.5°, the total 
areas of the peaks due to surface and bulk aluminium atoms are similar. On increasing the tilt angle 
to 77.5°, the bulk contribution diminishes, and the surface-associated peaks dominate, with the 
surface-to-bulk area ratio around 4.54. 
a) b)  
c) d)  
Figure 2: AR-XP spectra obtained from a polished almandine garnet crystal by varying the tilt 
angle for a) Al 2p and b) Si 2p regions, at the specified angles, and c) the O 1s region, at 10o 
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increments (from 22.5° to 72.5°), and d) fitting of O 1s data, obtained at 77.5° tilt, with the 
labelled peaks. 
The improved surface sensitivity at higher tilt angles is also evident in the silicon 2p region: at 
normal incidence, the peaks associated with silicon in the bulk aluminosilicate framework (100.7 eV 
for 2p3/2) are also of similar total area to the surface-associated peaks (102.9 eV for 2p3/2); at 77.5°, 
the surface-to-bulk area ratio is around 3.0. Note that the significant splitting of the spin-orbit 
components in the Fe 2p region (shown in Figure S3 in the Supporting Information) makes 
quantitative analysis of this part of the spectrum less certain. 
Table 1: XPS Peak Fittings for the Al and Si 2p Regions of Polished Almandine Garnet, at 22.5° and 
77.5° Tilts 
Al 2p 
Bulk aluminosilicate Surface region 
2p3/2 2p1/2 2p3/2 2p1/2 
Position / eV 72.86 73.66 74.96 75.76 
Full Width Half 
Maximum / eV 
22.5° 2.36 2.36 1.47 1.47 
77.5° 1.92 1.92 2.07 2.07 
% Area 
22.5° 21.0 20.7 29.4 28.9 
77.5° 9.1 9.0 41.3 40.6 
Si 2p 
Bulk aluminosilicate Surface region 
2p3/2 2p1/2 2p3/2 2p1/2 
Position / eV 100.72 101.35 102.89 103.52 
Full Width Half 
Maximum / eV 
22.5° 2.23 2.23 1.67 1.67 
77.5° 2.16 2.16 1.79 1.79 
% Area 
22.5° 19.2 18.8 31.4 30.7 
77.5° 12.7 12.4 37.8 37.1 
With increasing surveying angle, the main peak in the oxygen 1s region (Figure 2c)) shifts towards 
higher binding energies, in line with literature observations that surface oxygen species have higher 
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binding energies than those in the bulk.16,17 The spectrum taken at 77.5o tilt again provides the 
most prominent surface contribution; fitting of this spectrum is shown in Figure 2 d), and the fitting 
parameters and peak areas are given in Table 2. The most predominant peak (at 532.6 eV), which 
increases in intensity at higher tilt angles, is associated with surface oxygen species, whilst the low-
binding-energy shoulder (at 530.4 eV) is associated with oxygen in the bulk of the sample. The 
surface-to-bulk area ratio is 4.2, in general agreement with the corresponding ratios for silicon and 
aluminium. A third peak (at 534.2 eV) is also identified, corresponding to water adsorbed on the 
surface; the position of this peak is consistent with literature observations for a hydrated surface.16 
Table 2: XPS Peak Fittings for the O 1s Region of Polished Almandine Garnet, at 77.5° Tilt 
Peak Position / eV 
Full Width Half 
Maximum / eV 
Percentage Area / % 
Bulk Oxide 530.4 2.20 18.1 
Surface Species 532.6 2.20 75.3 
Adsorbed Water 534.2 2.20 6.6 
To attempt to determine the chemical nature of the surface groups on almandine garnet, we have 
compiled literature data and looked for any correlation between the binding energies of the oxygen 
1s surface XPS peaks of different elemental oxides and the acid dissociation constants (p𝐾𝑎 values) 
of the hydroxyl groups that form on these surfaces when exposed to water: the possibility of a 
correlation appears reasonable, because both the binding energy and the p𝐾𝑎 values would be 
expected to be strongly dependent on the electron density around the surface oxygen atom. The 
acid dissociation equilibria and the corresponding equilibrium constants of the surface groups can 
be defined as: 
≡ XOH2







)    (1) 
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[≡ ⋯ ] and {⋯ } denote the concentrations of species on the surface and the activities of species in 
solution (in mol L-1) respectively; X represents the substrate atom to which the surface group is 
bonded; the exponential terms relate to the change of surface charge on deprotonation (𝑒 is the 
elementary charge, 𝜓s is the surface potential, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the absolute 
temperature). Oxides of the components of almandine garnet (iron, aluminium, and silicon) were 
considered, and manganese and titanium oxides were added to further populate the dataset. Due 
to the range of values obtained for each element, median binding energies and p𝐾𝑎 values were 
used. The collated results (with references) and correlation graph are shown in Table 3 and Figure 3 
respectively. 
Table 3: Median Binding Energies of the O 1s Surface Peaks of Sparingly Soluble Elemental Oxides 
and their Respective Acid Dissociation Constants 
Oxide Element 
Median Binding 
Energy / eV 
Median 𝐩𝑲𝒂𝟏 Median 𝐩𝑲𝒂𝟐 
Manganese 531.4 ± 0.318–24 - 6.8 ± 1.625,26 
Iron 531.8 ± 0.327–30 6.7 ± 1.3 10.1 ± 1.312,31 
Titanium 532.4 ± 0.732–34 4.4 ± 2.5 6.6 ± 1.335–37 
Aluminium 532.8 ± 0.716,38–40 1.5 ± 2.1 9.4 ± 0.728,61 




Figure 3: A plot indicating the relationship between the binding energies of the O 1s XPS surface 
peaks of different elemental oxides and the 𝐩𝑲𝒂 values of the hydroxyl groups that form on 
these surfaces (black: 𝐩𝑲𝒂𝟏, red: 𝐩𝑲𝒂𝟐). The blue dashed line represents interpolation based on 
the experimentally observed almandine garnet surface peak (at 77.5o tilt). Elements in green are 
not present in almandine garnet. Error bars indicate the spread of reference data. 
Interestingly, Figure 3 does show a significant correlation (R2 = 0.961) between the median oxide 
binding energies and the first acid dissociation constant, p𝐾𝑎1. For the second dissociation 
constant, p𝐾𝑎2, the correlation is less strong (R
2 = 0.224). Using Figure 3 and the binding energy of 
the surface oxygen peak observed in ARXPS from almandine garnet (at 77.5o surveying angle), 532.6 
eV, the p𝐾𝑎 values of the surface hydroxyl groups that form on almandine garnet are predicted to 
be 3.41 (± 0.62) and 7.41 (± 0.96). These values will subsequently be compared to p𝐾𝑎 values 
obtained from acid-base titration results. 
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The position of the surface peak in the oxygen 1s region of the almandine garnet XP spectrum 
differs from the median peaks observed from iron, aluminium or silicon oxide surfaces. This is to be 
expected: simple bond-counting arguments suggest that fracture of the mineral would be expected 
to reveal under-coordinated atoms of at least two of the cations (and oxygen) in the surface region, 
and the XPS data in Figure 2 indicate that surface aluminium, silicon, and oxygen species are all 
present. In the bulk mineral, each oxygen atom can be considered as bonding to two iron atoms, 
one aluminium atom, and one silicon atom; fracture could therefore lead to under-coordinated 
oxygen atoms with up to three of these bonds broken. However, the single surface-related peak in 
the oxygen 1s region of the XP spectrum suggests that the under-coordinated oxygen atoms in the 
surface region experience similar chemical environments. It is perhaps most likely that there are 
oxygen atoms in a range of chemical environments at the surface, but the resolution and surface 
sensitivity of XPS are inadequate to differentiate these. 
It is possible to estimate the thickness of the surface layer based on the relative contributions of 
surface and bulk XPS peaks. Considering a simple two-layer system, then the ratio of areas of the 








𝜆 cos 𝜃⁄ ) − 1)         (3) 
where 𝐷𝑠𝑢𝑟𝑓 and 𝐷𝑏𝑢𝑙𝑘 are the densities of the atom (per unit volume) in the surface layer and the 
bulk respectively, 𝑡 is the thickness of the surface layer, 𝜆 is the inelastic mean free path (IMFP) of 
electrons in the solid (assumed to take the same value in the surface layer and the bulk), and 𝜃 is 
the tilt angle between the detector and the surface normal. 
If it is assumed that the densities of atoms in the surface layer are approximately unchanged from 
their bulk values, 𝐷𝑠𝑢𝑟𝑓 ≈ 𝐷𝑏𝑢𝑙𝑘, Equation 3 can be simplified by removing these terms. Taking the 
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IMFP as 1.1 nm,17 the surface-to-bulk peak ratios (obtained at known tilt angles) can be used to 
estimate the surface-layer thickness (the results are shown in Figure S4 in the Supporting 
Information): averaging these values gives surface-layer thicknesses of 0.63 (± 0.17), 0.73 (± 0.20), 
and 0.87 (± 0.23) nm for aluminium 2p, silicon 2p, and oxygen 1s respectively. The agreement 
between these three values suggests that the ratios of the densities of these three atoms in the 
surface layer to the bulk is similar: this confirms that the surface layer is not depleted of any of 
these relative to the others, indicating that the cutting, polishing and washing procedure employed 
did not significantly change the surface composition of the sample. 
McCafferty and Wightman have suggested a correction to oxygen 1s XP spectra of native air-
formed oxide layers on metal substrates, to remove the contribution of adsorbed oxygen-
containing organic species and allow quantitative determination of the concentration of hydroxyl 
groups in the surface film.16  Application of the correction in this case would reduce the thickness of 
the surface layer, calculated using the oxygen 1s region, to 0.34 (± 0.11) nm. Analogous corrections 
are not appropriate for the aluminium and silicon regions, because adsorbed species do not contain 
these elements. The poorer agreement of the ‘corrected’ value found using the oxygen region to 
the surface-layer thicknesses found using the aluminium and silicon regions suggests that the 
correction factor significantly overestimates the contribution of adsorbed oxygen-containing 
species in this case. As such, the best estimate of the surface-layer thickness, obtained from the 
aluminium and silicon photopeaks, is 0.68 (± 0.19) nm. 
Koretsky and co-workers have described a number of ways in which the densities of surface sites 
(per unit area) on mineral surfaces can be estimated based on the bulk crystal structure.49 As garnet 
does not have a preferred cleavage plane, one would expect to see a number of crystal planes 
exposed when the mineral fractures. In this case, we use different bulk terminations of {110} 
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almandine garnet surfaces, and similar methods to Koretsky, to estimate the number of sites 
present: site densities of the order of 16 ± 6 sites nm-2 are obtained. The density of oxygen atoms in 
only the outermost layer of a bulk-terminated almandine garnet {110} surface is 2.1 atoms nm-2; 
one might anticipate that the number of surface sites will be higher than this, with under-
coordinated atoms in subsequent layers (but possibly as little as 0.01 nm below the outermost 
layer) expected to be involved in surface reactions when exposed to aqueous solution.  
It should also be highlighted that weathering of natural almandine garnet leads to goethite 
(FeO(OH)) and gibbsite (Al(OH)3) surfaces.50 However, in the case of the mined almandine garnet 
powder used for abrasive blasting, when the selective dissolution and reprecipitation of surface 
groups has not been possible, the surface chemistry might be expected to more closely resemble 
that of bulk-terminated garnet, initially formed when the mineral fractures, or the cut-and-polished 
garnet surface studied here using XPS. 
Garnet Dissolution Studies 
The dissolution response of acid-washed garnet at strongly acidic pH was first explored to 
determine the nature of the substrate for subsequent acid-base titrations and variable-pH 
adsorption experiments. Figure 4 shows the masses of almandine garnet and calcium carbonate 
dissolved (inferred from ICP-OES data of the dissolved aluminium and calcium ions respectively) 
with increasing equilibrium time at pH 1.98 (± 0.09). It is evident that almandine garnet initially 
dissolves quickly (approximately 0.13 g out of 2.0 g of almandine garnet has dissolved after 36 
minutes), but only a small increase is seen in the mass dissolved at timescales of the order of 
several days. Therefore, for experiments that involve garnet in very acidic environments, the role of 




Figure 4: The masses of almandine garnet (black) and CaCO3 (green) dissolved from 2.0 g acid-
washed almandine garnet powder with increasing time at pH 2, in 100 mM NaNO3 solution. Error 
bars represent experimental and dilution errors of each sample. 
As was reported previously,5 analysis of the washings obtained during the acid-washing procedure 
indicated that significant levels of dissolved aluminium and calcium ions are present in the initial 
(10 %/wt nitric acid) washings, but the levels decrease on subsequent washes with ultrapure water, 
such that on the fourth, fifth, and sixth washes, no dissolved ions from the mineral can be detected. 
However, dissolution of almandine garnet has recently been noted over a wide pH range, including 
in ultrapure water.13 Therefore, to further assess the extent to which dissolution of garnet could 
occur under our experimental conditions, we have obtained ICP-OES data quantifying the levels of 
dissolved iron, aluminium, and silicon present in the supernatant after 4 g acid-washed garnet 
powder was tumbled in 20 ml ultrapure water, 0.1 M hydrochloric acid, or 0.1 M sodium hydroxide 
for one week; these data are shown in Table S2 in the Supporting Information. 
Although dissolved iron, aluminium, and silicon were present in all samples, the concentrations 
measured were relatively low, even in strong acid and strong base (final pH of 2.0 (± 0.5) and 12.0 
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(± 0.5) respectively): the highest observed concentration was for silicon after the garnet had been 
tumbled in 0.1 M sodium hydroxide, and this was equivalent to an estimated 1.5 % of the silicon 
initially present having dissolved; in ultrapure water (final pH of 5.1 (± 0.2)), which is closer to the 
pH range relevant to most of our subsequent experiments, the value is just 0.05 %. PXRD data from 
the solids obtained from these samples, described previously, indicate that dissolution of the 
garnet powder, followed by precipitation of other phases, for example metal hydroxides, does not 
occur to measurable levels. Although the sensitivity of PXRD to changes in the surface composition 
is low, more conclusive evidence comes from the acid-base titration data, which will be described 
subsequently. One would expect to see additional inflection points in the data, characteristic of 
dissolution and precipitation of phases (especially as the increments of base addition were small, 10 
L); no such features are observed. We can therefore be confident both that dissolution of the 
garnet powder does not significantly alter its specific surface area and that the low levels of 
dissolved ions from the mineral will not affect our aqueous solution equilibria experiments.   
Given the different solubilities of the metal ions, it is difficult to assess whether there is preferential 
dissolution of one or more of the elements, which could alter the nature of the surface groups 
present over the pH range of interest. Comparing the number of dissolved silicon atoms per unit 
surface area at high pH (9.7 nm-2), to the previous estimate of the number of surface sites (16 ± 6 
nm-2), it is clear that this extent of dissolution could change the distribution of different surface 
groups present, if there is preferential dissolution. However, it should again be emphasized that the 
vast majority of our aqueous solution equilibria experiments are over significantly shorter times 
and at more moderate pH: previous data have shown that the dissolution rate (under flow 
conditions) drops by over an order of magnitude between pH 12 and the minimum around pH 5.13 
Although we cannot conclusively rule out the possibility that the numbers of different surface sites 
present changes over the range of interest, we do not have any evidence that directly suggests this, 
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and the absence of additional features in the acid-base titration data suggests that any dissolution 
of surface groups and reprecipitation of other phases is minimal. We therefore proceed by 
attempting to utilise the simplest models possible to rationalise the behaviour observed, with fixed 
numbers of surface sites. 
Figure 4 also shows that very little calcium dissolves into the acidic solution, even after several 
days. We conclude therefore that the initial acid washing procedure was sufficient to remove any 
calcium carbonate impurities and that leaching of calcium from the garnet itself is unlikely to be 
significant. At higher pH, the lower solubility of calcium ions will further reduce the likelihood. 
Therefore, for numerical modelling of our experimental data on the behaviour of calcium ions in 
neutral and mildly basic solutions, the dissolution of calcium carbonate can be considered to be 
negligible. 
Salt-Solution Titrations 
When 5 g acid-washed almandine garnet powder is added to 50 ml ultrapure water, the measured 
pH is 4.93 (± 0.08). The solid blue, black, and green lines in Figure 5 show the subsequent change in 
the measured pH as 100 mM sodium, magnesium, or calcium nitrate respectively is added in 0.001 
or 0.002 mL aliquots. It is evident that in all three cases, the pH of the garnet suspension decreases 
on the addition of the salt solution; no systematic change in pH is observed when the salt solution is 






Figure 5: The pH change when 100 mM NaNO3 (blue), Mg(NO3)2 (black) or Ca(NO3)2 (green) is 
added in 0.001 or 0.002 mL aliquots to 5 g acid-washed garnet powder in 50 mL ultrapure water, 
and when 100 mM Mg(NO3)2 is added to acid-washed garnet powder in 50 ml 100 mM NaNO3 
(red). Solid lines indicate experimental data; dashed and dotted lines indicate predictions from 
numerical modelling, using equilibria of the form of Equations 4 (or 2 for sodium) and 5 
respectively, with the exception of the purple line, which indicates the prediction when specific 
adsorption of Na is not considered. 
When the mineral is added to ultrapure water, the predominant surface species are likely to be 
neutral hydroxyl groups (≡ XOH, where X now represents the substrate atom(s), Fe, Al, and/or Si, 
to which the group is bonded). When salt solutions are then added, various equilibria involving the 
surface groups are conceivable that could lead to the direct adsorption of ions (into the Stern 
layer). For example, for the monovalent sodium cation, the divalent magnesium (or calcium) cation, 
and the monovalent nitrate anion, the simplest equilibria (and corresponding equilibrium 
constants, 𝐾int) are: 
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≡ XOH + NO3







    (9) 
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The terms involved were defined for Equations 1 and 2. The equilibria listed indicate modes of 
adsorption in which ions bind directly to individual surface sites, except for Equation 8, where the 
cation bridges between two surface sites; other (more complex) adsorption equilibria are also 
possible.  
The decreases in pH observed when the salt solutions are added to the garnet suspension are 
consistent with the cations adsorbing to the surface and displacing protons into solution (for 
example, according to Equations 5, 7, and 8); this appears to dwarf any adsorption of the nitrate 
anion (Equation 9), which would displace hydroxide ions into solution and result in an increase in 
pH. However, the decrease in pH as the salt solution is added will depend on the mode of 
adsorption, in addition to the number of surface sites present and the strength of binding. We have 
therefore employed numerical modelling to predict the pH change for different adsorption 
equilibria, site densities, and equilibrium constants, to compare to experimental data and try to 
determine the dominant mechanism, the number of sites and the strength of binding at the garnet 
surface. 
The dashed lines in Figure 5 indicate the predicted pH changes from numerical modelling of cation 
adsorption to the garnet surface, using equilibria of the form of Equation 5 for sodium (blue), and 
of the form of Equation 7 for magnesium (black) and calcium (green). The dotted black and green 
lines indicate the predicted pH change if the divalent cations were to bind to the surface according 
to Equation 8 (or the equivalent form for calcium), effectively in a bridging mode between two 
surface sites. The dashed lines show very good agreement with the experimental data (root-mean-
square error (RMSE) values of 0.02 for both magnesium and calcium), but the dotted black and 
green lines clearly fit less well (RMSE values of 0.06 for calcium and 0.11 for magnesium), indicating 
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that modes of adsorption in which each cation binds to a single surface site, displacing one proton, 
appear to be preferred. 
Although the specific surface area for acid-washed garnet powder has been found (from BET 
isotherm) to be 5.54 (± 0.03) m2 g-1, we do not have direct experimental evidence for the number of 
cation binding sites on the surface. As such, a range of site densities (𝑛𝑠) were tested using 
numerical modelling, with the strength of binding (𝐾int) adjusted in each case in order to optimise 
the fit to the experimental data. Interestingly, it is observed that effectively identical fits (those 
indicated by the dashed lines in Figure 5) can be obtained for any choice of site density above 1 site 
nm-2 for calcium, 0.3 sites nm-2 for magnesium, and 0.1 sites nm-2 for sodium. Below these values, 
there are insufficient surface sites to which cations can bind in order to release the protons 
required for the experimentally observed pH change; therefore, these values can be considered as 
a lower-bound for the number of cation binding sites on the garnet surface. 
Figure S5 of the Supporting Information indicates the different numbers of surface binding sites nm-
2 (𝑛𝑠) that were tested and could fit the experimental data, and the values of the equilibrium 
constant (𝐾int) required to give the optimal fits in each case. From this graph, it is observed that 
the value of 𝐾int needed to give the best fit is related to  𝑛𝑠 (above the previously mentioned lower 
bounds) according to:  
𝐾int = (10𝑥𝑛𝑠)
−1  𝑥 = 4.80 (Na), 3.09 (Mg), 2.41 (Ca)    (10) 
Although the fundamental origin of this empirically-derived relationship is unclear, the increasing 
value of 𝑥 on going from sodium, to magnesium, to calcium is indicative of an increase in the 
strength of binding, if the number of sites is identical for the different cations. 
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The observed weak binding of sodium to the garnet surface is unsurprising; in fact, sodium is 
considered to be effectively inert to direct reaction with many surfaces.51 We therefore consider an 
alternative possibility, that the deprotonation of surface groups observed (via the drop in pH) when 
sodium nitrate is added to garnet powder is not due to sodium binding to surface sites directly, but 
instead results from the increasing ionic strength of the solution (which makes the formation of a 
highly charge surface more favourable) facilitating the deprotonation to give negatively charged 
surface groups, according to Equation 2.  
Although it is not straightforward to separate the two factors (ions added to the solution increase 
the ionic strength and may also bind specifically to the surface), numerical modelling has been used 
to compare the cases where direct binding of sodium to the surface is considered (the dashed blue 
line in Figure 5, discussed previously) and where no specific binding of sodium occurs, but only 
deprotonation of the surface groups according to Equation 2 (the dotted purple line in Figure 5). 
The deprotonation-only model predicts a steeper decrease in pH than that predicted when specific 
adsorption is considered, fitting the data somewhat less well (the RMSE value is 0.05, compared to 
0.014 when specific adsorption is considered); however, both fits appear reasonable, and so we 
cannot conclude definitely on this evidence alone that sodium binds specifically to the garnet 
surface. 
To attempt to assess whether the different cations bind specifically to the same surface sites, the 
pH change was monitored as 100 mM magnesium nitrate was added in 0.002 mL aliquots to acid-
washed garnet powder in 100 mM sodium nitrate; this is shown by the solid red line in Figure 5. It is 
evident that the change in pH in this case is significantly smaller than when the magnesium nitrate 
is added to acid-washed garnet powder in ultrapure water, supporting the hypothesis that the 
magnesium and sodium ions bind to the same surface sites: the small change in pH is consistent 
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with the more strongly binding divalent cation displacing protons from additional sites, whilst also 
displacing some of the previously bound sodium ions. 
The dashed and dotted red lines in Figure 5 indicate the predicted pH change from numerical 
modelling, with both cations binding to the same surface sites (sodium binding according to 
Equation 5 and magnesium according to Equation 7 (dashed line) or Equation 8 (dotted line), and 
with the equilibrium constants obtained from the individual salt-solution titrations, as described 
above). Although these data appear to slightly favour a bridging mode of adsorption for magnesium 
(the RMSE value is 0.007, compared to 0.05 when magnesium binds to single sites), the agreement 
between both predictions and the experimental data is reasonable, further supporting the 
hypothesis that the different cations bind to the same surface sites. 
One final aspect that should be considered when interpreting the salt-solution titration data is that, 
for the divalent cations, the pH decrease could be a consequence of both adsorption (e.g. Equation 
7) and deprotonation of additional surface groups (Equation 2), which would reduce the extent to 
which the surface charge increases. This scenario is distinct from bridging adsorption (Equation 8), 
because there would not need to be a particular stoichiometric ratio between the number of 
cations adsorbed and the number of protons released (although a 1:1 ratio of the processes 
indicated in Equations 7 and 2 would ensure that the surface remains neutral overall, which would 
be expected to be particularly favourable at low ionic strength). However, numerical modelling 
does not support this hypothesis: the predicted decrease in pH when both equilibria are included is 
again steeper than that observed experimentally. 
Adsorption Isotherms 
Although measuring the decrease in the solution concentration of an ion provides an alternative 
method of monitoring its adsorption onto a surface, it is important to remember that in addition to 
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specific adsorption to surface sites, accumulation of ions in the diffuse layer is possible, balancing 
the charge at the surface (including the Stern layer).52 As such, adsorption isotherms are often 
recorded in relatively high concentrations of an effectively inert electrolyte: if the ionic strength is 
high and effectively unchanging, then the length of the diffuse layer is constant and small. In the 
case of acid-washed almandine garnet powder, salt-solution titrations indicated that sodium binds 
significantly less strongly than magnesium or calcium, whilst there was no indication of nitrate 
adsorption. Therefore, 100 mM sodium nitrate was used as the electrolyte for magnesium and 
calcium adsorption isotherms. 
Experimental adsorption isotherm data for magnesium (black) and calcium (green) are shown by 
the points in Figure 6: variable- and constant-pH data are shown in the upper and lower plots 
respectively. The constant-pH data were obtained at equilibrium pH of 9.35 (± 0.05) in order to 
avoid the possibility of metal hydroxide precipitation at higher pH (especially the sparingly soluble 
magnesium hydroxide),53 which would make quantitative measurement of the adsorption through 
solution-depletion impossible. As expected, the variable-pH data show that the adsorption of the 
cations becomes significant at high pH,12,54 and the constant-pH data indicate that the adsorption 
increases (at a decreasing rate) with the solution concentration of the cation. Consistent with what 
was observed in salt-solution titrations, it is evident from both the lower pH value at which the 
adsorption ‘step’ occurs in the variable-pH data and the steeper rise and higher plateau in the 
constant-pH data that calcium adsorbs more strongly than magnesium. 
The dotted lines in Figure 6 indicate the adsorption of magnesium or calcium to the garnet surface 
predicted by numerical modelling, given the experimental concentrations and using the equilibria 
and equilibrium constants (for sodium, magnesium, and calcium adsorption) that provided the best 
fits for the salt-solution titration results, as discussed previously, with 1 surface adsorption site nm-
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2; this site density was used because it was the lower-bound for the number of sites that could fit 
the pH changes observed in the salt-solution titration experiments. However, it is evident that in 
this case the predictions fit the experimental data very poorly, significantly underestimating the 
adsorption of magnesium or calcium.  
In fact, the best fits that can be obtained to the adsorption data (whilst still obeying Equation 10, 
and therefore fitting the salt-solution titration data) occur with 40 surface sites nm-2: the solid lines 
in Figure 6 indicate the predicted adsorption with this site density (and with the corresponding 
equilibrium constants, 10-6.4, 10-4.7, and 10-4.0 for sodium, magnesium, and calcium respectively). It 
is evident that, especially in the case of magnesium, the predictions still do not reproduce the 
experimental data well: the RMSE values for the variable-pH isotherm are 24 and 5 % for 
magnesium and calcium respectively (compared to 38 and 39 % with 1 site nm-2); for the constant-
pH isotherm, the values are 0.22 and 0.19 mol m-2 for magnesium and calcium respectively 
(compared to 0.9 and 1.5 mol m-2 with 1 site nm-2).  
In addition, the required surface site density of 40 nm-2 seems implausibly high, when compared to 
the surface site densities estimated previously: 16 ± 6 nm-2 (from different terminations of {110} 
almandine garnet surfaces) and 2.1 nm-2 (the density of oxygen atoms in only the outermost layer 
of a bulk-terminated almandine garnet {110} surface). The poor fit of the predictions from the 
numerical model to the adsorption data indicates that it is not possible to fully describe the 
behaviour of a surface as complex as that of almandine garnet using such a simple two-layer model, 
with just one type of surface site. The greater complexity of the adsorption reactions occurring and 
the presence of multiple types of adsorption site are also suggested by additional data, which we 







Figure 6: Solution-depletion adsorption isotherms of Mg (black) and Ca (green) onto 200 g L-1 
acid-washed garnet powder in 100 mM NaNO3. Top: variable-pH isotherm, obtained with 0.5 mM 
Mg(NO3)2 or Ca(NO3)2; bottom: constant-pH isotherm, obtained at pH 9.35 (± 0.05). In both cases, 
the pH was adjusted by adding 100 mM NaOH or HNO3 in 100 mM NaNO3. Points indicate 
experimental data; lines are predictions from numerical modelling, using binding constants 
determined from salt-solution titrations with 1 (dashed lines) or 40 (solid lines) sites nm-2. Note 
that 1 mol m-2 = 0.60 nm-2. Error bars represent experimental and dilution errors of each 
sample. 
Plots of the number of moles of base added to maintain the pH in the constant-pH isotherms (at 
9.35 (± 0.05)) against the number of moles of magnesium or calcium adsorbed are shown in Figure 
7. The plots are linear, suggesting that in both cases the cation-adsorption mechanism does not 
change significantly over the range studied: if the cations were to adsorb to bridging or individual 
sites dependent on coverage, one might expect to see a change in the gradient; similarly, the 
linearity appears to rule out the possibility that the surface is significantly negatively charged at pH 
9.35 in 100 mM sodium nitrate, which would allow added divalent ions to adsorb without displacing 
protons. However, the gradients of the best-fit lines differ: 1.58 (± 0.08) protons are displaced for 
every magnesium ion adsorbed, but for calcium the number is 1.03 (± 0.04), suggesting that 




Figure 7: The number of moles of NaOH added to maintain the pH at 9.35 (± 0.05) against the 
number of moles of Mg (black) or Ca (green) adsorbed in the constant-pH isotherm experiments. 
Numerical modelling using equilibrium constants from the salt-solution titrations predicts gradients 
around 0.12 in both cases. The small predicted gradient is a consequence of the fact that, in 100 
mM sodium nitrate, over 90 % of surface sites would be expected to have sodium adsorbed, and so 
when the more strongly binding magnesium or calcium adsorbs, it is mainly sodium that is 
displaced. Clearly, the higher observed number of protons displaced suggests that the role of 
adsorbed sodium is much less significant. But removing the competition for adsorption sites 
between sodium and the divalent cations from the numerical model prevents the variable- and 
constant-pH isotherm data from being fitted satisfactorily using self-consistent binding-site 
densities and equilibrium constants.  
Previous work studying hydrous ferric oxide predicted that between 1.7 and 2.0 protons would be 
displaced from the surface for each zinc ion adsorbing, dependent on pH and solution ionic 
strength.12 The value for the adsorption of magnesium on garnet, 1.58 (± 0.08), is in general 
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least, that protons, not sodium, are the main ions displaced when magnesium adsorbs). However, 
the significantly lower value observed for calcium, 1.03 (± 0.04), is somewhat surprising and could 
indicate that different adsorption mechanisms occur for the two divalent cations, with a more 
significant change in the surface charge on adsorption of calcium than magnesium. 
Further indication that the adsorption mechanism for calcium could differ from that for magnesium 
comes from the shape of the two constant-pH isotherms. Langmuir-type adsorption, which 
assumes a fixed number of surface sites and that adsorption at a given site is independent of the 






           (11) 
where 𝜃 and 𝜃𝑠𝑎𝑡 are respectively the amount of the species adsorbed and the amount adsorbed at 
saturation, 𝑐 is the concentration of the species in solution at equilibrium, and 𝐾 is the Langmuir 
constant. From Equation 8, it can be seen that if adsorption is Langmurian, a plot of 𝜃-1 versus 𝑐-1 
will be linear, with intercept equal to 𝜃𝑠𝑎𝑡
-1 and gradient equal to (𝐾𝜃𝑠𝑎𝑡)
-1. Plots of this form, 
derived from the constant-pH adsorption data for magnesium (black) and calcium (green) on acid-




Figure 8: Plots to determine whether the constant-pH isotherm data for the adsorption of Mg 
(black) or Ca (green) on acid-washed garnet powder exhibits Langmuir-type behaviour. Points 
indicate data; dashed lines indicate Langmuir-type fits, using the parameters described in the text 
(with one type of surface site for Mg adsorption and two independent types of site for Ca). The 
right-hand plot covers a smaller range, to highlight the non-linearity of the Ca data. 
In the case of magnesium, the data in Figure 8 are close to linear (R2 = 0.991; the minor deviation is 
most likely due to experimental error), as would be expected for Langmuir-type behaviour. The 
total magnesium adsorbed at saturation is 2.3 mol m-2 (equivalent to approximately 1.4 nm-2), and 
the Langmuir constant is 1.68 mM-1. By contrast, for calcium the plot is not a straight line: the 
gradient appears to change dramatically at around 2.5 mM-1. The data for calcium can be fitted 
using a Langmuir model (the dashed green line in Figure 8), if two independent types of surface 
sites are considered, that adsorb 1.0 and 2.5 mol m-2 (0.6 and 1.5 nm-2) calcium ions with 
Langmuir constants 113 and 0.880 mM-1 respectively; this implies that the minority sites adsorb the 
calcium ions significantly more strongly than the majority sites, a phenomenon also suggested for 

























































However, although the best Langmuir-type fit to the constant-pH calcium adsorption data is 
obtained with two different types of surface sites, the linearity of the sodium-hydroxide-added 
versus cation-adsorbed plot (Figure 7) indicates that the same number of protons (1.03 (± 0.04)) are 
displaced for all calcium ions adsorbed. It is interesting that if the number of protons displaced per 
cation adsorbed is multiplied by the total number of cations adsorbed at saturation (according to 
the Langmuir fits of the data obtained at pH 9.35 (± 0.05)), the result is 3.6 mol m-2, or 2.2 nm-2, 
for both magnesium and calcium; this suggests that the number of protons that can be displaced 
from the surface may determine the number of the different cations that can adsorb at constant 
pH. 
Figure 9 shows the constant-pH isotherm data, with different methods of fitting. It is evident that 
the Langmuir-type fits (dashed lines) more closely reproduce the experimental data than do the 
best fits obtained from the numerical modelling: the RMSE values are 0.11 and 0.12 mol m-2 for 
magnesium and calcium respectively (compared to the 0.22 and 0.19 mol m-2 from numerical 
modelling with 40 sites nm-2); this further suggests that the two-layer model does not fully describe 
the behaviour in this complex system. It is also noteworthy that, as previously discussed, the 
density of oxygen atoms in only the outermost layer of a bulk-terminated almandine garnet {110} 
surface is 2.1 atoms nm-2, much closer to the number of surface sites predicted by the Langmuir-
type fits than the 40 sites nm-2 from numerical modelling with the two-layer model. 
We also note that it is possible to accurately fit the total calcium adsorbed (in mol m-2) with the 
expression 2.1𝑐0.281 (where 𝑐 is the equilibrium concentration in mM); this is indicated by the red 
dotted line in Figure 9 (for which the RMSE value is 0.11 mol m-2, slightly lower than the 0.12 mol 
m-2 from the calcium Langmuir-type fit). Although such an empirically determined, Freundlich-type 
fit seemingly offers little mechanistic information about the adsorption process, the small value of 
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the power to which 𝑐 is raised (0.281) indicates that adsorption of calcium quickly becomes less 
favourable as the coverage increases. This observation is consistent with the surface becoming 
increasingly positively charged as calcium ions adsorb, but with only one proton displaced for each 
ion that binds (as shown by Figure 7). 
 
Figure 9: Constant-pH isotherm data for the adsorption of Mg (black) and Ca (green) on acid-
washed garnet, with a comparison of different methods of fitting the data, as described in the 
text. Solids lines indicate fits obtained from numerical modelling using a two-layer model; dashed 
lines indicate Langmuir-type fits; the red dotted line indicates a Freundlich-type fit for the Ca 




If sodium nitrate is assumed to be an effectively inert electrolyte towards acid-washed garnet 
powder, then the addition of nitric acid or sodium hydroxide allows the pH of the suspension to be 
adjusted and the protonation or deprotonation of the surface groups (Equations 1 and 2) to be 
monitored, without the possibility of specific adsorption of ions. Figure 10 shows acid-base titration 
curves in different concentrations of sodium nitrate; a), c), and e) show the ‘raw’ data, plotting the 
measured pH against the increasing volume of base added to the (pre-acidified) sample; in b), d), 
and f) the horizontal axis is converted to the effective concentration of acid added (TOTH), and 
dotted lines indicating the responses of ‘blank’ samples (without garnet powder) are also shown. 
a)  b)  
c)  d)   
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e)  f)  
Figure 10: a), c), and e) acid-base titration curves for 50 g L-1 (unless otherwise stated) 
suspensions of acid-washed almandine garnet in 50 mL of 10 mM, 50 mM (45 g L-1), and 100 mM 
NaNO3 respectively. Equivalence points are labelled in red, and equilibrium points are labelled in 
blue. Insets: first derivatives of pH with respect to volume of titrant. b), d), and f) correspond to 
a), c), and e) respectively and show the variation in pH against TOTH, the concentration found 
from the difference of the number of moles of acid and base added to the electrolyte, (solid lines) 
compared to the response of the ‘blank’ electrolyte only (dotted lines); the intersection of the 
two curves indicates the pzc of the garnet powder. 
It is evident that the pH change as base is added is much more abrupt for the ‘blank’ samples than 
for the samples containing garnet powder. This is entirely consistent with the surface groups of the 
garnet deprotonating, thereby effectively buffering the solution and slowing the pH rise. It is 
somewhat surprising that the curves appear almost identical, regardless of the electrolyte 
concentration: one would expect that at lower electrolyte concentrations, formation of a highly 
charged surface is less favourable and so the pH change occurs more abruptly (the surface groups 
tend to remain as ≡ XOH, rather than protonating to ≡ XOH2
+ or deprotonating to  ≡ XO−). One 
plausible explanation for this is that no surface charge develops during the titration, because the 
surface reactions occurring are effectively the pH-dependent specific adsorption of sodium and 
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nitrate ions (Equations 5 and 9). However, one would also expect the extent of these reactions to 
be dependent on the concentration of sodium nitrate electrolyte, and so the explanation for this 
observation remains unclear. 
Considering Figure 10 a), c), and e) as simple acid-base titrations (discounting any charging of the 
surface and specific adsorption of ions), the insets, which show the first derivatives of the titration 
curves with respect to the volume of base added, highlight the points of highest and lowest 
gradient, respectively the equivalence points and the acid dissociation constants (the p𝐾𝑎 values). 
In agreement with what we have reported previously,5 the p𝐾𝑎 values are 4.43 (± 0.09) and 6.13 (± 
0.06).  These values show general agreement to the predictions made earlier for the p𝐾𝑎 values of 
the hydroxyl groups that form on the surface, based on the binding energy of the surface oxygen 
peak observed in XPS from almandine garnet, 3.41 (± 0.62) and 7.41 (± 0.96), confirming the validity 
of the prediction method used. 
p𝐾𝑎 values are available in different solvents for a number of surface groups: different elements 
coordinating to the surface hydroxide affect its acidity/basicity, although different measurement 
methods may measure different parameters, leading to apparent variation in the p𝐾𝑎 values.
31 One 
of the best-studied cases, that of silanol groups on silica surfaces, is complex: there can be a 
number of differently coordinated groups present,55 and the p𝐾𝑎 values range from 4.5 to 9.2.
56–59 
Singly coordinated aluminium hydroxide groups, ‘Al-OH’ are reported to have a p𝐾𝑎 value of 10 in 
gibbsite or 7 in kaolinite.58,60,61 The p𝐾𝑎 values for iron hydroxide surface groups range from 5 to 9, 
depending on the type of iron oxide and the preparation of the surface.12,31 Given the range of 
literature p𝐾𝑎 values for surface groups coordinated to silicon, aluminium, and iron, it is not 
possible to determine the nature of the surface groups on almandine garnet based solely on 
titration data.  
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However, these p𝐾𝑎 values can provide insight into the surface acidity of the mineral. It is 
noteworthy that two p𝐾𝑎 values are observed, suggesting that either there is only one type of 
surface group, which deprotonates twice in sodium nitrate electrolyte in the pH range considered 
(Equations 1 and 2), or that two distinct surface groups are present, each of which deprotonates 
once in the pH range. It is also possible to estimate the densities of these surface sites from the 
titration data, by dividing the number of hydroxide ions (which deprotonate the surface groups) 
added between the equivalence points by the surface area of the almandine garnet powder in the 
suspension (using the specific surface area, 5.54 (± 0.03) m2 g-1). The site densities are estimated to 
be 0.71 (± 0.08) sites nm-2, in reasonable agreement with the 1.05 (± 0.08) sites nm-2 reported 
previously.5 The same value is found for both of the deprotonation steps, consistent with either the 
titrations only identifying one type of surface group (which deprotonates twice), or with there 
being two surface groups, with the same site densities. 
The point of zero charge (pzc) of acid-washed almandine garnet powder can also be extracted from 
the titration data, by comparing the change in pH (with different amounts of added acid or base) of 
almandine garnet in sodium nitrate to that of the sodium nitrate only: the pzc is the pH at which 
the solid and dotted curves in Figure 10b), d), and f) intersect. Considering all different samples and 
different concentrations of sodium nitrate electrolyte, the pzc is 4.75 (± 0.07). Although this value is 
slightly lower than the pH of 4.93 (± 0.08) observed when acid-washed garnet is added to ultrapure 
water (as discussed in the Salt-Solution Titrations Section), there does not appear to be any 
systematic change in the pzc with different concentrations of sodium nitrate (between 10 and 100 
mM), which is consistent with the specific adsorption of the sodium and nitrate ions being 
negligible. Our pzc value is in good agreement with the literature pzc value for almandine garnet in 
sodium perchlorate solution, 4.5,52 confirming that the acid washing process does not significantly 
change the surface. 
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It is noteworthy that the pzc determined from the acid-base titration, 4.75 (± 0.07), differs 
somewhat from the pzc that would be found by taking the mean of the p𝐾𝑎 values, 5.28 (± 0.05): 
this would be the pzc if the doubly-protonated (positive) and unprotonated (negative) surface 
groups are the only charged groups present, and they have the p𝐾𝑎 values given above. Although 
the difference is relatively small, it may highlight the limitation of considering these data as simple 
acid-base titrations: the surface charge and the protonation and deprotonation processes are 
mutually linked, and so the ‘stationary’ points in the titration curves do not accurately give surface 
p𝐾𝑎 values, as they would if the change in surface charge (and the specific adsorption of ions) could 
be neglected. 
There are significant numbers of literature experimental and theoretical studies of different 
surfaces’ pzc and isoelectric points (iep).52,62,41 Pzc values are typically determined by 
potentiometric titration, whereas iep values are usually measured electrokinetically, for example by 
-potential measurements,63 although in an effectively inert electrolyte, the pzc and iep values 
coincide.64 -potential measurements for acid-washed garnet powders will be discussed 
subsequently. Silica surfaces with silanol surface groups have pzc values ranging from 1.6 for quartz 
to 3.4 for vitreous silica.65 By contrast, aluminum oxide has a pzc of 8,66 and gibbsite, -Al(OH)3, has 
a pzc between 9 and 10.67 The pzc of iron oxides are generally around 8 to 10, although for natural 
ferrihydrite the value is in the range 5.3 to 7.5.68 Whilst the similarity of this value to that for acid-
washed garnet may suggest that garnet shares similar functionalities to natural ferrihydrites, the 
range of pzc values seen for silicon, aluminum and iron oxide surfaces make it impossible to 
conclusively determine the nature of the groups on the garnet surface from the pzc value. 
Figure 11 shows acid-base titration curves for acid-washed garnet powder in 100 mM sodium 
nitrate with 100 mM (a) magnesium nitrate or (b) calcium nitrate; curves for the powder in sodium 
43 
 
nitrate only are shown (in blue) for comparison, as are dotted curves indicating the response of the 
‘blank’ electrolyte only. In the low-pH region, the addition of magnesium or calcium nitrate does 
not affect the titration curve; this is unsurprising, because adsorption of the cations becomes more 
significant at higher pH, as was observed in the variable-pH adsorption data. However, as the 
magnesium or calcium begins to adsorb, displacing protons from the surface, more base must be 
added to raise the pH than in the case when only sodium nitrate is present. A consequence of this 
change is that the crossover point (of the curves for the acid-washed garnet and the electrolyte 
only) shifts to lower pH (to 3.90 and 4.29 respectively) when 100 mM magnesium or calcium nitrate 
is added. This shift is in line with literature observations on haematite.69 It is important to recognise 
that when specific adsorption of ions is significant, the crossover point does not represent the true 
pzc of the surface: specifically adsorbed cations can make the surface positively charged, even at 
high pH. 
a)  b)  
Figure 11: Acid-base titration curves (plotted as pH against TOTH, the concentration found from 
the difference of the number of moles of acid and base added to the electrolyte) for 50 g L-1 
suspensions of acid-washed almandine garnet (solid lines) in 50 mL of 100 mM NaNO3 (blue), and 
with 100 mM a) Mg(NO3)2 (black) or b) Ca(NO3)2 (green) added; dashed lines indicate the 
response of the ‘blank’ electrolyte (without garnet powder) only. 
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Zeta- (-) Potential Measurements 
-Potential measurements, which involve measuring the potential at the slip-plane, can be useful in 
determining the nature of surface groups and specifically adsorbed ions, and the immobilised 
species present in the diffuse layer, at different pH.70 Figure 12 shows the measured -potential of 
acid-washed garnet particles suspended in different concentrations of a) sodium nitrate and b) 
sodium chloride at varying pH. Similar behaviour is seen for the two electrolytes, with positive and 
negative -potentials observed at low and high pH respectively. This is consistent with what would 
be expected in an inert electrolyte: the -potential is positive at pH below the pristine pzc and 
negative at higher pH, as a consequence of the dominant surface groups being ≡ XOH2
+  and 
 ≡ XO−, or similar, at low and high pH respectively.  
a)  b)  
Figure 12: -Potential measurements for 1 g L-1 suspensions of acid-washed garnet powder in 10 
mM (black), 100 mM (blue), or 1 M (magenta) a) NaNO3 or b) NaCl. -Potential error bars indicate 
the standard deviation of repeated measurements; pH error bars represent the uncertainty of the 
high-precision pH paper used to measure suspension pH. 
The pH at which the -potential is zero (the iep) shows no systematic dependence on the 
electrolyte concentration in either case, taking values of 4.6 (± 0.4) and 4.9 (± 0.3) for sodium 
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nitrate and sodium chloride respectively. The good agreement between the iep (4.6 (± 0.4)), the pzc 
determined from acid-base titrations in sodium nitrate (4.75 (± 0.07)), and the literature value of 
the pzc in sodium perchlorate solution (4.5)52 is again consistent with sodium nitrate being an 
effectively inert electrolyte towards the garnet surface. Furthermore, the similarity between the -
potential data in sodium nitrate and sodium chloride suggests that the behaviour of the chloride 
and nitrate ions is similar, and that neither adsorbs specifically on the surface to a significant 
extent. Away from the iep, the magnitude of the -potential decreases at higher ionic strength, due 
to increased charge screening by the electrolyte; this is not indicative of a decrease in the 
magnitude of the surface charge. 
Specific adsorption of cations or anions, or their inclusion in the diffuse layer, can lead to the -
potential being more positive or negative respectively. The measured -potentials at varying pH of 
acid-washed almandine garnet powder in 100 mM sodium nitrate with 100 mM of calcium nitrate, 
magnesium nitrate, or sodium sulphate are shown in Figure 13. With magnesium or calcium nitrate 
added, the trend in the -potential at low pH is similar to that observed in 100 mM sodium nitrate 
only (the blue data in Figure 12 a)), but at higher pH, the -potential is positive, whereas in sodium 
nitrate only it is negative. This behaviour is entirely consistent with what might be expected from 
variable-pH adsorption data (Figure 6): at low pH, the divalent cations do not adsorb on the garnet 
surface, and so the sign of the -potential is unchanged; at higher pH, specific adsorption of 
magnesium or calcium becomes significant, resulting in positively charged surface groups (of the 




Figure 13: -Potential measurements for 1 g L-1 suspensions of acid-washed almandine garnet 
powder in 100 mM NaNO3 with 100 mM Mg(NO3)2 (black), Ca(NO3)2 (green), or Na2SO4 (red) at 
different pH. The solid blue line indicates the ‘pristine’ pzc of garnet, with the dotted lines 
indicating its range within one standard deviation. -Potential error bars indicate the standard 
deviation of repeated measurements; pH error bars show the uncertainty of the pH paper used. 
By contrast, when sodium sulphate is added, the -potential is negative at high pH, but remains 
negative at low pH. This behaviour is consistent with the sulphate ions adsorbing at low pH, 
resulting in negatively charged surface groups (of the form of ≡ XSO4
−, or similar). We have 
observed some evidence of the adsorption of sulphate ions at low pH in variable-pH isotherms, 
which supports this interpretation of the -potential data; however, given the possibility of 
dissolution of the almandine garnet powder at these low pH values, the specific adsorption of 
sulphate ions on the surface remains uncertain. 
Conclusions 
In this work, we have used a range of range of experimental techniques and numerical modelling to 
characterise the surface of almandine garnet, a mineral whose surface chemistry is significant due 
to its use in abrasive blasting, which results in it being present on ‘clean’ steel surfaces prior to the 
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application of protective paint layers. We have considered both the ‘dry’ garnet surface and the 
response of garnet powders to aqueous solutions of varying pH containing different inorganic ions: 
this is relevant to remedial work on structures in marine environments, where aerosol droplets are 
expected to impact the surface in the time between abrasive blasting and repainting, depositing 
inorganic ions. 
XPS data from a polished almandine garnet crystal have indicated that under-coordinated 
aluminium, silicon, and oxygen atoms all exist in a surface region that is of the order of 0.9 nm 
thick. Although the precise chemical nature of the surface hydroxyl groups that will form on 
hydration of this surface is difficult to predict, we have suggested a novel method of doing this 
using the correlation between the p𝐾𝑎 values of surface hydroxyl groups that form on several 
elemental oxides and the binding energies of their oxygen 1s XPS surface peaks; this has allowed us 
to predict p𝐾𝑎 values, based on the almandine garnet ARXPS data, that are in general agreement 
with the values obtained from acid-base titrations of garnet powder. 
From salt-solution and acid-base titrations, adsorption isotherm data, and -potential 
measurements, it is clear that the divalent magnesium and calcium cations adsorb specifically on 
the almandine garnet surface. Adsorption becomes more significant at high pH; at pH 9.35, 
Langmuir-type fits show good agreement to the experimental data, with plateau adsorption at 
around 1.4 and 2.1 cations nm-2 for magnesium and calcium respectively. The adsorption of calcium 
is evidently somewhat stronger than that of magnesium, whilst there is also some evidence that 
there are different adsorption mechanisms for the two cations and that calcium adsorbs on two 
distinct types of surface site. No evidence of specific adsorption of the monovalent nitrate and 
chloride anions has been seen at any pH, but -potential measurements suggest that the divalent 
sulphate anion may adsorb at low pH, although garnet powder tends to dissolve in strong acid. 
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The behaviour of the monovalent sodium cation is somewhat unclear: salt-solution titrations 
suggest weak adsorption to the surface, and simple numerical modelling provides best fits to the 
adsorption isotherm data (for magnesium and calcium) with a high surface-site density (40 nm-2) 
and competition between the weakly-binding sodium and the more-strongly-binding divalent 
cations; however, acid-base titrations and -potential measurements suggest that sodium is 
effectively inert towards specific adsorption on the surface, with a small number of surface sites 
(0.7 nm-2) becoming doubly protonated at low pH and unprotonated at high pH in sodium nitrate, 
resulting in a positively or negatively charged surface respectively. The point of zero charge of 
garnet powder in sodium nitrate solutions of different ionic strength, approximately 4.75, is in good 
agreement with literature values of the point of zero charge of almandine garnet in sodium 
chlorate solution, 4.5, further suggesting that sodium nitrate is effectively an inert electrolyte 
towards the garnet surface at the concentrations tested. 
We have successfully fitted salt-solution titration and cation-adsorption data using a simple two-
layer numerical model with one type of almandine garnet surface site. However, the range of 
experimental data we have compiled in this work has emphasized that one must exercise caution 
when attempting to interpret different data using a single model: For almandine garnet, a mineral 
containing (at least) four different atoms in its bulk structure, it is most probable that the exposed 
surface is rather heterogeneous, with a number of different surface groups present; the 
protonation and deprotonation of these, their ability to specifically adsorb ions, and the resulting 
changes in surface charge and the composition of the diffuse layer are all crucial factors in 
determining the response of the surface when it is in contact with aqueous solution. The complex 
behaviour observed in this work highlights the difficulty in separating these contributing factors, as 
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